ABSTRACT: This study is the first to examine the benthic impacts of the otter-trawl fishery on hake in the southern Benguela upwelling region. Infauna were sampled at 4 sites, from southern Namibia to Cape Town by means of 5 replicate grab samples at each of 2 trawling treatments (heavily and lightly trawled areas), paired at each site. The large invertebrate epifauna was also sampled at 2 of these sites using a fine-meshed otter trawl. Sites ranged in depth from 350 to 450 m. Environmental attributes (sediment particle size, total organic carbon, depth, salinity, temperature and dissolved O 2 concentration) were examined along with faunal assemblage composition. Vertical profiles of water mass characteristics showed little long-shore variation, apart from slightly lower O 2 concentrations in the north. Difficulties of pseudo-replication in benthic impact studies are discussed, and methods for circumventing these suggested. There were significant differences in sediment characteristics among the 4 sites, but only 2 sites showed different sediment characteristics between trawling treatments. Studies of species richness, evenness and numbers of infaunal individuals showed little difference between trawling treatments at 3 sites and species diversity was similar between treatments at all 4 sites. Multivariate analyses show marked differences in both infaunal and epifaunal assemblages among the sites and between trawling treatments at all sites. The analyses suggest that differences in trawling intensity are at least partially responsible for significant variation in benthic assemblage composition between heavily and lightly trawled areas. These findings contrast to those in shallower waters in the northern hemisphere, where infauna are more sensitive to trawling than epifauna. This study shows that epifaunal abundances, number of species and species diversity decrease with increasing trawling intensity, and that there are also considerable changes in epifaunal assemblages in more heavily trawled sites.
INTRODUCTION
Mobile demersal fishing gears are deployed on every continental shelf in the world (Collie et al. 2000) with nearly 20 million km 2 (75% of the continental shelf) subjected to trawl and/or dredge activities (Kaiser et al. 2002) . Such fishing activities have a profound effect on the ecosystem (Dayton et al. 1995 , Jennings & Kaiser 1998 , Watling & Norse 1998 , Auster & Langton 1999 , Hall 1999 , Kaiser & de Groot 2000 , and are one of the greatest sources of anthropogenic disturbance to marine benthic assemblages . The challenge now lies in quantifying the extent of direct and indirect impacts at local, regional and ecosystem scales, and finding practical ways to mitigate the impacts.
Two approaches to quantifying trawl impacts are generally adopted. Chronic impact studies compare conditions between heavily fished, lightly fished and unfished areas, by assigning otherwise similar areas to treatments on the basis of historical estimates of trawling effort. This approach accurately represents trawling disturbance in terms of real effort and spatial dimensions (McConnaughey et al. 2000) . Acute impact studies involve experimental fishing activity to contrast before and after effects between fished and unfished conditions. Such manipulative experimental approaches provide a more structured investigation but seldom accurately represent the effort and spatial scale of a commercial fishery. Both approaches are often used to investigate the effects of disturbance on invertebrate macrofauna, which plays important ecological roles in both structuring the habitat and as prey (Gray 1974) . Collie et al. (2000) and Kaiser et al. (2006) conducted global meta-analyses investigating the effects of different types of fishing impacts on benthic assemblages on various substrates, ranging from gravel to mud, and revealed the greatest impacts to be from scallop dredging activities in biogenic habitats. Kaiser et al. (2006) further identified soft-sediment habitats to be vulnerable to trawling with recovery times measured in years. These studies have provided useful information on the immediate effects, severity of impact and recovery times in a wide range of habitat types and environmental conditions. However, the fishing impact research assessed in these meta-analyses was typically of smallscale experimental studies at spatial scales measured in km 2 (Collie et al. 2000 . Furthermore, only one of the studies analysed (Engel & Kvitek 1998) was conducted in an upwelling ecosystem (central California), whilst no studies analysed were conducted on sediments at outer shelf depths greater than 200 m, i.e. conditions typical of the trawling grounds of the Benguela ecosystem.
Several studies conducted in the Irish and North Seas have examined the response of benthic biota to quantified gradients of fishing intensity at the scale of the fishery, thus assessing the effects of trawl disturbance under realistic conditions (Jennings et al. 2001 , Hinz et al. 2009 . Results from these studies showed that impacts of chronic trawl disturbance are cumulative and can lead to profound changes in benthic assemblage composition, with both infauna and epifauna showing marked effects on sand and muddy substrates. Studies conducted at the scale of the fishery are essential to test predictions generated from smaller-scale experimental studies and provide applicable information to fishery managers and policy makers (Hinz et al. 2009 ).
Quantification of fishing impacts on the environment is frequently confounded by natural perturbations, a history of fishing activities and small-scale patchiness (Dayton et al. 1995 , Jennings & Kaiser 1998 , Auster & Langton 1999 , Gordon et al. 2005 . Interactions resulting from natural variability and trawling activities are illustrated in Fig. 1 . Ideally, one would apportion these effects and compare fished areas to the same areas before fishing commenced. This is usually not possible when investigating large-scale ecosystems and one is confronted by issues relating to unreplicated sites and pseudo-replication, which Hurlbert (1984) defines as the use of inferential statistics to test for treatment effects where treatments are either not replicated or replicates are not statistically independent. Replication is often impossible or undesirable when in vestigating large-scale systems and when large effects of treatments are expected or when the cost of replication is great, experiments involving unreplicated treatment may be the best option (Hurlbert 1984 , Oksanen 2001 . Hurlbert (1984) , however, cautions that conclusions derived from unreplicated treatments should not be extrapolated to broader application.
The most dramatic changes in the assemblage composition occur at the onset of fishing in a pristine area or when the fishing pressure increases dramatically from a very low level. Once fishing at a commercial scale has begun, the system enters a 'fished' state and any changes as a result of increased fishing intensity are often smaller and more difficult to detect (Jennings & Kaiser 1998 ). Many of the world's demersal trawl grounds were transformed to a 'fished' state more than a century ago, well before the scientific value of pristine habitats was understood. The lack of suitable control sites is one of many reasons for establishing marine protected areas in ecosystems that are most heavily fished (Jennings & Kaiser 1998) .
The South African demersal otter-trawl fishery has existed for over 100 years and spans the southern Benguela upwelling region between depths of 200 to 800 m (Payne & Punt 1995) . It is South Africa's most valuable fishery and worth ~R2.5 billion or US$ 365 million (FIH 2009 ). The Namibian demersal hake fishery started in the late 1950s (Boyer & Hampton 2001) and is that country's largest, most lucrative fishery (Bianchi 242 Trawling activity Hydrographic variability (physical, chemical, planktonic) Fish assemblage structure Benthic assemblage structure Sediment composition ), frequently associated with inshore areas (< 200 m) in this upwelling region (Chapman & Shannon 1985 , Monteiro & van der Plas 2006 , is unlikely to directly impact biotic assemblages in deeper waters. However, changes in fish behaviour during such events (e.g. greater concentrations in deeper water and increased juvenile predation) and impacts on recruitment success (Hamukuaya et al. 1998 ) may indirectly influence deep-water benthic assemblages. Technological ad vances in fishing and vessel equipment since the 1950s have allowed the fishery to expand into deeper waters, down to 1000 m at times (Griffiths et al. 2004 , Fairweather et al. 2006 . The fishery operating in the southern Ben guela region is comprised mostly of stern trawlers 50 m length, which use otter-trawl configurations with trawl doors ~1.8 t each (Wilkinson & Japp 2005) . The physical impacts of demersal fisheries and their concomitant ecosystem effects have not previously been studied in an upwelling re gion or in southern Africa.
This study aims to quantify the effects of demersal trawling on benthic biota in the southern Benguela upwelling region. As with other similar studies (Engel & Kvitek 1998 , Thrush et al. 1998 , Hinz et al. 2009 ), there were no suitable, unfished control sites in the region. Comparisons of benthic biota between areas that are intensively fished with those of similar habitat type, but which are lightly fished, are the best alternative. Benthic invertebrate assemblages were sampled at 4 sites spanning the study region and compared between areas with different levels of trawling disturbance. This research aims to address the following questions:
(1) Does intense trawling result in significantly different abundance, biomass and/or diversity of benthic infaunal and/or epifaunal assemblages?
(2) To what extent can environmental effects be disentangled from anthropogenic effects in terms of impacts on benthic assemblages? (see Fig. 1 Table 1 ). Sediment volume for each grab was measured and 250 ml sediment sub-samples collected for organic and sediment particle size analysis. The remaining sediment was washed over 2 stacked sieves with mesh sizes of 10 and 1 mm and with a 1 mm mesh covering the seawater hose, preventing large planktonic organisms from washing into the samples. All infauna >1 mm in size retained by the sieves was placed into sample bottles and preserved in 96% ethanol, then re placed 24 to 48 h after initial preser vation to ensure adequate preservation. Infauna was sorted and iden ti fied to the lowest possible taxonomic level, usually species. The abundance and biomass were recorded for each taxon. Epifauna were sampled with 3 replicate trawls in HT and LT areas at the Namibian and Childs Bank sites during April 2007 (Fig. 2, Table 1 ). The trawl gear consisted of 47 m footrope with 12 cm roller disks, 18 to 22 m mouth opening, 32 mm cod end mesh, lined with 25 mm mesh (defined as Gesund Super). All epi benthic invertebrate fauna retained by the net were sorted by taxon, identified, counted and weighed. All unknown specimens were preserved for further identification. Epifaunal abundance and biomass values were scaled to a uniform trawl duration of 30 min. For the purposes of this study, infauna are defined as those invertebrates sampled by grab, whereas epifauna are defined as those sampled by trawl net. Due to the semi-quantitative nature of sampling epifauna by trawl net, the epifaunal abundance and biomass data were categorized on an approximately logscale for further analyses (Table 2) .
Environmental variables. At each sampling site, water column profiles of depth, salinity, O 2 and temperature were measured using a CTD meter.
Sediments were dry sieved to separate gravel (> 2 mm) and sand (< 2 mm and > 63 µm) while mud (< 63 µm) was wet sieved and quantified using a calculated pipetting factor according to standard conventions (Folk 1968) . The mass of each component was converted into percentages and the gravel-sand-mud texture category of each replicate sample determined using Folk's classification triangle (Folk 1968) .
The inorganic carbon component was removed from sediments by adding 50% hydrochloric acid. Sediment was dried and washed with 1 M ammonium formate that removed any acid residue. The organic carbon contents were measured with a Thermo Flash 1112 elemental CHN analyzer.
Statistical and numerical analyses. Univariate analyses: Diversity indices (number of species, abundance, Pielou's species evenness, Shannon-Wiener diversity and average biomass per 0.2 m 2 ) of infauna and epifauna (excluding biomass) were computed (Clarke & Warwick 2001 1001-10 000 1.001-10.000 5 10 001-100 000 10.001-100.000 Table 2 . Categories allocated to abundance and biomass measures of epifauna collected from demersal trawls variate analysis as a result of prior log categorization. The response of univariate indices to trawling intensity per year were explored using least square regression analyses. Prior to analysis, abundance and biomass data were log 10 transformed. Environmental analyses: Proportions of sand and mud were strongly positively correlated (Pearson ρ = 0.99), thus only one of these variables (% sand) was used for further analysis. Gravel contributed very small proportions to the overall sediment composition (< 5%) and was excluded from further statistical analyses. Following arcsine trans formation (Sokal & Rohlf 1969 , Zar 1999 , replicate sand values and total organic carbon (TOC) were analysed separately. Statistical differences among sites and between treatments were analysed using ANOVA, with p-values determined by permutation rather than by reference to F distribution tables, thus giving robustness to normality assumptions using permutational multivariate ANOVA (PER-MANOVA) (Anderson et al. 2008) . Factor trawling Treatment (fixed) was crossed with Sites (fixed factor) in a 2-way crossed ANOVA design.
Multivariate analyses: To test for differences in assemblage composition between trawl treatments, sample by species matrices were calculated for both abundance and biomass measures of infauna and categorized epifauna at all sites. The infaunal abundance and biomass matrices were 4th root transformed (Field et al. 1982 , Clarke & Warwick 2001 ) while the epifauna data had effectively been transformed by log-scale categorization (Table 2) . We compared samples on the basis of species abundances or biomasses using the Bray-Curtis measure of (dis)similarity on both infaunal and epifaunal data. These were summarized in cluster dendrograms and MDS plots. PERMANOVA (Anderson et al. 2008 ) was used to test for significant differences in assemblage structure among sites (Namibia, Childs Bank, Cape Columbine and Cape Point) and between trawling treatments HT vs. LT (Anderson et al. 2008) . PERMANOVA was also used to test epifaunal abundance and biomass data between HT and LT areas at Namibia and Childs Bank. Treatment (fixed factor) was crossed with Site (fixed factor). PER-MANOVA tests the dissimilarity values generated by the resemblance matrix on which permutations are based, generating a test statistic value of pseudo-F and pseudo-t for pair-wise tests (Anderson et al. 2008 ). However, these tests were compromised by pseudoreplication and the probabilities calculated are too low. The tests were therefore repeated using the interaction term as the denominator in the F-ratio, giving an ultraconservative probability value. The true probability lies somewhere between the 2 calculated values, depending upon the degree of pseudo-replication (K. R. Clarke pers. comm.). To assess which species contribute most to differences between groups, SIMPER analyses were conducted (Clarke 1993) .
The relationships between biotic (abundance and biomass) assemblage data and all measured environmental variables were investigated using a Distance Based Linear Model (DISTLM) (Anderson et al. 2008) . Trawl intensity was used to quantify fishing pressure in the DISTLM analysis as a continuous variable (times trawled per yr). The contribution of environmental variation and fishing pressure in influencing the biotic data distribution was simultaneously assessed. DISTLM partitions the variation in data distribution according to a multiple regression model (based on predictor variables), as selected by the user, e.g. forward, stepwise, best fit. The 'forward' procedure and Adjusted R 2 criteria options (Anderson et al. 2008 ) were used in this study. The environmental variables selected for the model were Sand, TOC (arcsine transformed), Depth and Times trawled per year. All multivariate and diversity analyses were performed using PRIMER v.6 and its add-on package PERMANOVA+ (Clarke & Warwick 2001 , Clarke & Gorley 2006 , Anderson et al. 2008 . Table 3 summarises the results of sediment and water column characteristics measured at the areas sampled. There is little variation in water temperatures or salinities at the 8 sites. The entire sampling region was thus uniform with respect to water mass characteristics during the sampling period, although it is noted that the Namibian areas had lower near-bottom O 2 levels than the other 3 sites. Sites sampled in this study were deeper than the coastal hypoxic region where the biota are likely to be influenced seasonally by reduced O 2 levels (Decker 1970 , Monteiro & van der Plas 2006 , The sediments were classified according to the Folk Classification triangle (Folk 1968) . A conventional main effects PERMANOVA test shows significant differences in Sediments among Sites, between Treatments and the interaction between Sites and Treatments (Table 4) . How ever, these tests are compromised by pseudo-replication and non-independence; thus ultraconservative tests are also presented (right hand columns, Table 4) using the inter action term as the denominator in calculating the F-value (K. R. Clarke pers. comm.). Here only TOC was found to differ significantly among sites, mainly due to the high values at Childs Bank (see Table 3 ). The true significance levels lie somewhere between the conventional and ultraconservative tests. Fig. 3 depicts the trends and least-square regression analysis results in various measures of diversity plotted against trawling intensity (times trawled per yr) measured at all 4 sites and both HT and LT areas. For the infauna, there is little trend and generally a wide scatter for evenness, biomass and species diversity with no significant regression analyses. The fits are slightly better for overall abundance and species richness (number of species), but the regression analyses re main non-significant. The results are rather different for the epifauna, although the data are only from 2 sites. The fits for species richness, overall abundance, and diversity are better (R 2 > 87%), with negative slopes for all 4 measures, suggesting negative impacts of trawling on the epifauna. Only the abun dance measures show a significant decline between HT and LT areas (F = 19.13, df = 1, 2, p = 0.048).
RESULTS

Environmental variables
Univariate measures of biotic diversity
The species richness and diversity follow identical trends, although these are not significant. Owing to the semiquantitative logarithmic categorization of the epifauna data (Table 2) , the diversity and evenness values in Fig. 3 should not be compared with other studies.
Benthic infauna
A species accumulation curve (not shown) of all 40 infaunal grab samples approaches an asymptote, suggesting that the 256 species obtained approximate those occurring in this Benguela ecosystem habitat. Fig. 4 shows a MDS plot based on infaunal abundance data from all sites, depicting 4 main site groups, and also shows at Namibia and Childs Bank clear separation of HT and LT areas. At the other 2 sites, HT and LT areas are not as well separated. Analysis of biomass data from all sites showed a similar MDS grouping pattern (not shown). This suggests that the biogeographic variation with latitude accounts for greater variation than between heavily and lightly trawled areas at each site.
Main effects PERMANOVA of the same abundance data shows significant differences among Sites, Treatments and the interaction between Sites and Treatments (Table 5 ). However, just as for the environmental data, these results are compromised by pseudoreplication and the significance levels are exaggerated. Again, very conservative pseudo-F tests, using the interaction mean square as a denominator, are presented in the right hand columns, but these are not significant for Site or Treatment and add little information to the analysis. 
Infaunal indicator species
The main species responsible for the Bray-Curtis MDS clusters are revealed by a SIMPER analysis (Clarke 1993 ) comparing trawling treatments (Fig. 5) . A few species showed consistent trends among sites where the echinoderm Ophiura sp. are more abundant at HT areas and the polychaete Chloeia inermis had higher biomass at LT areas, while others, e.g. the echinoderms Amphiura sp. and Brissopsis lyrifera capensis, showed irregular occurrence among sites and trawling treatments. Several species were unique to specific sites and occurred either exclusively, or in greater biomass, at LT areas. These include the tanaid crustaceans Apseudes cooperi at Namibia and Tanais philetaerus at Cape Columbine, an unidentified ascidian, sipunculid Phascolosoma sp. and chiton Leptochiton sykesi at Cape Point.
Relation of infauna to environment and trawling treatment
The relationship of infaunal assemblage composition (based on abundance data) to both natural and trawling influences was investigated using a linear modelling approach, DISTLM. The results are given in Table 6 . The pseudo-F tests are again potentially compromised by pseudo-replication, but it can be seen that all 4 variables contribute considerably to the variation observed (marginal tests). To disentangle trawling effects from natural variability, sequential tests were also applied that showed the cumulative effects of each variable once the previous variable(s) had been accounted for. The sequence specified started with natural variables (sediment properties) with trawling intensity being fitted last. Sand and TOC, together with depth, account for 37% of infaunal variability, whilst trawling intensity accounts for only 5.3% direct effect on infauna. These results do not take into account the possibility that trawling may influence sediment composition made up of sand and TOC and thereby in directly influence the assemblage composition. Similar results were obtained using biomass data but are not presented here.
Epifauna
A total of 81 epifaunal species was sampled at the Childs Bank and Namibian sites. Fig. 6 shows 4 groups of 3 samples each, with the 2 sites well separated, and Namibian trawl treatments closer to each other than the Child's Bank treatments. The low stress value (0.05) indicates the validity of the 2-D presentation of this small data set.
Epifaunal biomass SIMPER ana lyses (Fig. 7) reveal that several species of urchins such as the Spatangus capensis, Echinus gil christi and Brissopsis lyri fera cap ensis and the crab Exodromidia spinosa occur at LT areas, while other species such as the bristle worm Euphrosine sp. show great variability between trawling treatments at 248 
DISCUSSION
Sampling design
In studying the effects of trawling, it is difficult in practice to find areas of habitat suitable for trawling that are not trawled at all. The best alternative under these circumstances is to study areas that are heavily trawled for comparison with lightly trawled areas of comparable habitat (McConnaughey et al. 2000) . We approached this study using a 2-way crossed design to separate variation due to trawling (treatment) and to natural environmental variability using both conventional ANOVA and multivariate PERMANOVA in which the F-ratio is calculated using the remainder (error) MS term as the denominator. In doing this it is almost impossible to avoid issues of pseudoreplication. The conventional F-ratios calculated give unrealistically low probabilities under the null hypothesis of no effect. The large values of the interaction MS term evident in this study (Tables 4 & 5) suggest that pseudo-replication may indeed be a problem (K. R. Clarke pers. comm.). To account for this we recalculated the F-ratios using the interaction term in the denominator. This gives an ultra-conservative result, which if significant, indicates that the effect is certainly real. In the present study we found that the sedimentary organic carbon differed significantly among the 4 sites (Table 4) , but there were no other significant effects on the sediments (Table 4) or infaunal assemblages (Table 5) among sites or between trawling treatments based on the ultra-conservative tests.
To mitigate potential pseudo-replication problems, future studies of this nature should do one of the following:
(1) Sample more areas within each site, so that there are multiple areas which have been lightly trawled interspersed with multiple areas that have been more heavily impacted, the likelihood being that this sampling would be at the expense of reducing the number of wide-scale locations visited. The possibility then exists of differentiating natural variability from trawling im pacts, at the geographic scale of that site.
(2) Sample more wide-scale sites whilst retaining the pairwise matching of a heavily and lightly trawled area at 250 each site. This would allow inference about differences in trawling impact at much wider spatial scales to be drawn. No information is then available for a particular site about whether observed differences between heavily and lightly trawled areas is really due to trawling levels or other environmental conditions, but such findings may result from the set of wide-scale sites as a whole. In the ANOVA terminology of the above results, the number of degrees of freedom for the interaction mean square may be sufficiently large so that a consistent trawling effect at all sites manifests itself as a significant main effect of trawling in relation to the interaction mean square. The appropriate model here is that of a 2-way crossed design in which the trawling effect is fixed but the site-to-site variation is a random effect. Which of these 2 strategies is preferable will therefore depend on a host of factors, including the aims of the study. It is, however, important to note that there can only be limited gains from increasing the number of replicate grabs or trawls in an area, by comparison with an increase in effort at a higher level of the design. More incisive analyses would come from using BACI designs, which allow comparisons of before and after implementing no-fishing control measures in the same areas.
Diversity indices versus multivariate methods
This study found no relationship be tween trawling intensity and the infaunal univariate measures of total abundance, biomass, species richness, diversity and evenness over all 4 sites. This contrasts with results from studies conducted in the Irish and North Seas (Jennings et al. 2001 , Hinz et al. 2009 ) where significant effects of trawling intensity were found in univariate measures of infaunal abundance, biomass, species richness and/or productivity in considerably shallower (< 75 m) mud or sandy sediment environments. Furthermore maximum trawling intensities investigated in the Irish and North Sea studies ranged from 3.5 to 18.2 times per yr compared to only 2.3 times per yr in the present study. Epifauna sampled in the Benguela region showed a significant decline in total abundance with increasing trawling intensity, while species richness and diversity also declined, but not significantly (Fig. 3) . This contrasts in some respects with the results of Hiddink et al. (2006) and Hinz et al. (2009) , who found that univariate measures of epifaunal biomass, production, abundance and/or species richness differed significantly with trawling intensity, but that over all infauna were more sensitive than epifauna. A study conducted by Engel & Kvitek (1998) in the upwelling, deeper >180 m, region of central California, however, report greater changes in epifaunal species than in fauna when comparing heavily and lightly fished areas, findings similar to the present study.
Multivariate results are slightly more conclusive, in that the multi-dimensional scaling graphs depict differences among the sites for both infauna (Fig. 4) and epifauna (Fig. 6) , with distinct differences be tween trawling effects for 2 of the 4 infaunal sites (Namibia and Childs Bank) and both epifaunal sites (also Namibia and Childs Bank). These results are similar to those of Hinz et al. (2009) . Our attempt to confirm these graphical multivariate results statistically was confounded by pseudo-replication. Multivariate graphical results have however proved to be robust and generally give clearer results in this situation than the univariate diversity indices. Similar findings are reported by Kaiser et al. (1998) and Thrush et al. (1998) from studies conducted to detect changes due to trawling. Multivariate analyses are considered to incorporate a greater amount of assemblage information and have been suggested to be more sensitive at detecting changes in assemblages than univariate measures (Gray et al. 1990 , Warwick & Clarke 1991 .
Separating trawling from environmental effects
Multivariate graphical results show larger inter-site differences than within-site trawling treatment differences for infauna (Fig. 4) and marginally for epifauna (Fig. 6) . However, these results are complicated by the large sedimentary differences between areas and sites. This is particularly so at Cape Columbine where the percentage of sand ranged from 52% at the HT area to 21% at the LT area, compared to 72 to 89% sand at all other sites and areas (Table 3) . Was the area lightly trawled because the fish assemblage was different due to the different sediment, or was the difference in sediment due to less trawling? Evidence from the other 3 sites suggests that trawling may have little effect on the sediments. Similarly, percentage of TOC was significantly higher at Childs Bank than at all other sites (Table 4 ). With such large variability among sites in the benthic environment, even at similar depths, it is very difficult to show significant differences between trawling treatments and to distinguish trawling effects from environmental ones. Thus the conservative form of the PERMANOVA showed no significant differences among sites or treatments (Table 5) , although the conventional analyses were all significant for both infaunal abundance and biomass data. The DISTLM marginal analyses were all significant for environmental and treatment variables in explaining infaunal assemblage variation (Table 6 ) but the various 'explanatory' variables are not independent of each other and need to be considered in com bination. Sequential tests that eliminate the contributions of previous variables, and specify sedimentary variables fitted first, show that environmental variables contribute a cumulative 37% to variability with trawling contributing a further 5.3% to the overall assemblage variation, with the remaining 57.4% unexplained (Table 6 ). The relative percentage variation accounted for when fitting environmental variables first, indicates the potentially small size of any direct trawling effects in relation to that of the differing environmental conditions. In view of the complex processes involved in influencing benthic assemblage structure (see Fig. 1 ), and taking into account the difficulties of replicate sampling and obtaining a strong gradient of trawling intensities, it was impossible to obtain statistically rigorous results to separate trawling effects from environmental ones in this study. A similar difficulty was reported by Queirós et al. (2006) , where the impact of trawling could not be disentangled from that of sediment composition.
In comparing infaunal and epifaunal species indicative of trawling effects in studies in the Benguela and California upwelling regions and Irish and North Seas, it is evident that different animal groups are likely to serve as potential indicators of the effects of trawling (Table 7 ). In the Benguela and Cali fornian infaunal analysis, an ophiuroid brittle star increased with heavier trawling, while the polychaete Chloeia sp. decreased in the Benguela but increased in California. In the Irish Sea Prionospio spp. polychaetes increased, while Phoronis sp., molluscs and nemertea decreased. In the case of the Benguela epifauna, a burrowing anemone Actinauge richardii increased while the echinoid urchins Spatangus, Echinus and Brisso psis decreased. In Cali fornia, no epifaunal species were reported to increase with heavier trawling while species of sea pen, sea star, anemone and sea slug all decreased. There were no significant epifaunal species changes in the Irish Sea study (Hinz et al. 2009 ). Thus it appears that different groups and components of the benthos are affected differently in different environments, bearing out the general conclusions of Kaiser et al. (2006) , who studied different sediment types and different types of fishing.
Comparison of shallow versus deep trawling
Assessing trawl impacts at 4 sites spread over 800 km at about 400 m depth on the outer continental shelf of the Benguela upwelling ecosystem show some similarities to a study conducted in the central California upwelling region (Engel & Kvitek 1998) and some differences from studies conducted in sheltered, shallower waters in western Europe (Jennings et al. 2001 , Hinz et al. 2009 ). Despite the greater depth, the sediments of the Benguela outer shelf otter-trawl grounds are generally classified as muddy sand (Table 3) , being coarser than the muds of the shallow (26 to 75 m depth) North and Irish Seas environments. The intensity of heavy trawling was much greater in western Europe (up to 18.2 times per yr) and California (4 times per yr) compared to only 2.3 times per yr in the Benguela system. Where multivariate analyses were used (Hinz et al. 2009 , present study), graphical separation of infaunal and epifaunal assemblages between heavily and lightly trawled areas was evident, with slightly clearer separation for epifauna. Results from western European studies showed greater change in infaunal than epifaunal univariate indices while results from the Benguela upwelling ecosystem showed greater epifaunal change (Fig. 3) , similar to findings from the central California upwelling region. Trawling disturbance in deeper, upwelling regions indicates a more dramatic change in epifaunal assemblages than infauna (Engel & Kvitek 1998 , present study), while infaunal assemblages show greater change in shallow, sheltered areas (Jennings et al. 2001 , Hinz et al. 2009 ). Meta-analyses of trawl impact by Collie et al. (2000) and Kaiser et al. (2006) reveal variable responses of benthic biota with different sediment types, habitat types and fishing gear. Differences in biotic response would thus be expected from habitats as diverse as shallow, sheltered seas and outer shelf upwelling systems. A study conducted by in the Irish Sea concludes that chronic fishing has resulted in a shift from relatively sessile, emergent, high biomass species to benthic assemblages dominated by smaller-bodied infauna, and that these assemblages represent an alternative stable state. Detection of epifaunal changes with in creasing trawl intensity in upwelling regions of southern Benguela and central California indicate less impacted or more resistant environments and assemblages than the shallow, sheltered North and Irish Seas where greater changes in infaunal assemblages are consistently detected.
Implications for management
Benthic assemblages of each environment and sediment type respond to trawling differently, as found in the meta-analyses of Collie et al. (2000) and . Jennings et al. (2001) noted that there were different effects of trawling in 2 areas de pending upon the intensity of trawling and the sediment type, with more effect on the infauna than epifauna on the more heavily trawled, muddy ground. The less heavily trawled area showed no significant effect on biomass or production. In the present study, on sandy mud substrates at 400 m depth, where heaviest trawling was less intense than in similar studies, epifauna provided the best indicators in re sponse to trawling, both in 253 Table 7 . Indicator taxa of trawling effects reported from several studies. +: increase with heavier trawling; -: decrease with heavier trawling; Echino: echinoderm; Poly: polychaete; Phoro: phoronid; Crust: crustacean. Sources: Benguela = this study, California = Engel & Kvitek (1998) 
